The stability problem of the rotation induced electrostatic wave in extragalactic jets is presented. Solving a set of equations describing dynamics of a relativistic plasma flow of AGN jets, an expression of the instability rate has been derived and analyzed for typical values of AGNs. The growth rate was studied versus the wave length and inclination angle and it has been found that the instability time scales are less by many orders of magnitude than typical ages of jets, indicating high efficiency of the instability.
Introduction
Considering the problem of the escaping radiation from AGNs, one has to note that we have a strong observational evidence of a complex picture of the jet emission spectra, which starts from the radio, the optical up to X-ray and γ-ray, with a bolometric luminosity power of AGNs lying in the range: ∼ [10 40 − 10 47 ]erg/s [1] . Origin of emission is supposed to be energy of an accreted matter, however, the details of the conversion process of this energy into electromagnetic radiation is still unknown. The discovery of many blazars [2] as sources of ultra-high energy radiation, has revealed that the formation and acceleration of relativistic jets are key processes in understanding the energy conversion mechanism.
An innermost region of AGNs is characterized by rotational motion, and it is obvious that the rotation affects acceleration of plasmas in jets, which consequently may influence the process of radiation. The problem of a role of centrifugal acceleration (CA) as a rotational effect, on a theoretical level has been studied in [3, 4] , where interesting results were found and it has been shown that the process of acceleration of particles, due to the centrifugal force, under certain conditions might be very efficient. In a series of works, applying the methods developed in [3, 4] it has been demonstrated that the CA can be very important in the context of high energy emission from AGNs [5, 6] . In these articles the role of rotation on the energetics of relativistic electrons in AGNs has been studied and it was found that Email address: z.osmanov@astro-ge.org (Osmanov Z.).
due to the frozen-in condition provided by strong magnetic field, plasma particles follow the field lines, co-rotate and as a result accelerate up to very high energies with the Lorentz factors of the order of 10 5−8 . Therefore the amount of energy contained within a centrifugally accelerated plasma flow is very big and if there are mechanisms for the conversion of at least a small fraction of this energy into the the variety of instabilities -one might find a number of interesting consequences related to the problem of radiation. The centrifugally driven parametric instability has been introduced in [7] where it was shown that the centrifugal force, acting on particles inside the pulsar magnetospheres causes separation of charges, leading to generation of an electrostatic field, which excites the corresponding instability. The increment of the linear stage has been estimated and analyzed for the Crab pulsar. It was demonstrated that the linear regime was extremely efficient and short in time indicating a need of saturation of a growth rate. This mechanism is called parametric, because an "external" forcecentrifugal force, playing a role of the parameter, acts on plasma particles, changes in time and gives rise to the appearance of instabilities. By applying the same approach, in [8] the problem of reconstruction of pulsar magnetospheres on large scales nearby the light cylinder surface (LCS) has been considered. We have studied a new parametric mechanism of the instability and it was shown that for curvature drift waves, corresponding instability might be very efficient.
In this paper a hydrodynamic approach will be used to study the parametric mechanism of rotation induced electrostatic wave generation in extragalactic jets, applying the approach developed in [7, 8] .
The paper is arranged as follows. In §2 we derive the dispersion relation, in §3 the corresponding results are present and in §4 we summarize our results.
Theory
Throughout the paper it is supposed that magnetic field lines are straight and inclined by angle α with respect to the rotation axis. The plasma is in the frozen-in condition, corotating together with the field lines with angular velocity ω.
It is easy to start our consideration by the local non inertial co-rotating frame of reference. The corresponding interval in the rigidly rotating frame will have the form [5] :
where Ω ≡ ω sin α is effective angular velocity of rotation.
Here we use units c = 1. In this paper we apply a method developed in [7] , where relativistic plasma stream motion was described by the single particle kinematics. According to this approach, by using 1+1 formalism [9] , in the co-rotating frame of reference the equation of motion of a particle is given by:
where γ = (1 − v 2 ) −1/2 is the Lorentz-factor, v = dr/dτ is the velocity of the particle determined in the 1+1 formalism [9] , p → p/m -the dimensionless momentum, g ≡ − ∇ξ ξ , γg -the effective centrifugal force [7] and τ ≡ ξt (ξ ≡ √ 1 − Ω 2 r 2 ) -the universal time. Taking into account an identity d/dτ ≡ 1/(ξ∂t)+(v∇) and a fact that Lorentz factors in the co-rotating frame of reference and in the inertiallaboratory frame (LF) relate to each other: γ = ξγ ′ (prime denotes a physical quantity in the LF), one can rewrite the equation of motion in the LF by following:
where e, p, b denote electrons, positrons and the bulk components respectively. For closing the system one has to add the continuity equation:
and the Poisson equation:
Eq. (3) in the zeroth approximation (leading state), by applying the frozen-in condition E 0 + v 0i × B 0 = 0, can be reduced to [3] :
In [3] it has been shown that for ultra-relativistic particles (γ ≫ 1) Eq. (6) has following solutions:
for initial conditions: r 0 = 0 and V 0 ∼ 1. As we see from Eq. (3), effective centrifugal force −γξ∇ξ changes in time due to Eqs. (7, 8) and therefore the parametric mechanism switches on giving rise to the electrostatic instability. When studying the problem for leading terms, plasma oscillations have not been considered and only the effects of the centrifugal acceleration have been taken into account [3] . Generally speaking different species of plasmas (electrons, positrons and protons (bulk)) experience centrifugal force, as a result they separate, which will lead to the generation of the electrostatic field creating the Langmuir waves. This process can be considered as a next step of the approximation. The aim is to investigate the linear perturbation theory of the electrostatic instability and estimate its role in relativistic AGN jets.
We start the analysis by introducing small perturbations around the leading state:
where Ψ = (n, v, p, E, B). Perturbing all physical quantities by following:
Eqs. (3, 4) will get the form:
Here E 1 is the electric field, induced by separation of charges.
In order to reduce the above system into a single equation let us use an ansatz:
then from Eqs. (11,12,13) one gets:
where
Restoring the speed of light and introducing a new variable N ≡ N p − N e , after making the Fourier transformations, one can easily reduce Eqs. (15,16):
where M and m are masses of protons and electrons/positrons respectively, a ≡ ck/Ω and ω e = 8πn 0 e e 2 /m -electron/positron plasma frequency. For deriving Eqs. (17,18) , the identity
has been used. If one substitutes N b from Eq. (17) into Eq. (18), one gets the dispersion relation governing the electrostatic instability:
where ω b = 8πn 0 b e 2 /M is the plasma frequency corresponding to the bulk component.
In order to extract some sense out of the dispersion relation it is better to consider physics close to the resonance condition: ω res ≈ ω e /γ 1/2 0e , because when a physical system is characterized by a resonance, it is obvious that only a process corresponding to it will be realized. Then preserving only leading terms in Eq. (20) and taking into account following conditions: ω ≈ −s 0 Ω, s 0 ≈ l 0 , the dispersion relation can be reduced into a following single term specifying the growth rate (∆ ≡ ω − ω res ) of the instability:
Since we are interested in imaginary parts of ∆, it is easy to see that the following solution [10] 
is responsible for the instability, the increment of which is given by:
Discussion
We consider a central black hole mass M BH = 10 8 M ⊙ and an angular rate of rotation ω = 3×10 = n 0 e = 0.001cm −3 . As it is seen in the figure, the increment is very sensitive on the wave length, slightly changing λ, one may kill the instability completely.
wind, making the light cylinder located at r L ≈ 10 15 cm. These values are typical for AGNs [11] . AGN winds and extragalactic jets are supposed to be composed of a bulk component having the Lorentz factor of the order of ∼ 20 and relativistic electron-positron pairs with Lorentz factors: ∼ 10 5 [5, 6] .
As it was already explained, the centrifugal force leads to the generation of Langmuir waves with the wave vector − → k (|| − → B ), the instability of which we are going to investigate versus the wave length λ and the inclination angle α in order to estimate the corresponding growth rate.
Let us suppose a jet with opening angle β = 2α = 2 0 . In Fig. 1 we show dependence of logarithm of the instability increment on the wave length λ ≡ λ 0 + ∆λ, where λ = . These values are typical for extragalactic jets, which are supposed to be under dense with respect to their ambient, obviously having density of the order of n am ∼ 1cm −3 . An interesting feature of the result shown in Fig. 1 is sensitiveness of the growth rate on the wave length. As it is clear from the plot, a small change of λ, drastically changes the situation: for certain values of wave length the increment reaches its maximum level and for slightly different values -it becomes equal to 0. Therefore it is better to examine an average value for each interval with a single peak, taking into account both of parameters: λ and α, calculate the growth rate with respect to them: and based on discrete data interpolate it for a wider range of parameters. Here λ 1,2 and α 1,2 are minimum and maximum values of wave length and angle respectively for each interval.
In spite of that jets usually have small opening angles, it is better to study dependence of the growth rate on inclination for a wider range of angles, in order to understand a general behaviour of the increment. In Fig. 2 we show dependence of logarithm of the growth rate versus α. The set of parameters is the same as for Fig. 1 except a wider range of α and a fixed value of the wave length λ = 10 6 cm. As we see the increment is a continuously increasing function. This is a natural result, because when one increases the angle, effective angular velocity increases as well that makes the centrifugal force higher, leading to a more efficient instability process.
In Fig. 3 the behaviour of logarithm of Γ versus λ is shown. The set of parameters is the same as in Fig. 1 except a wider range of the wave length. As it is clear from the graph, by increasing λ, the average growth rate increases as well. Even for the smallest increment shown in the figure: Γ ∼ 1.3 × 10 −5 s −1 (λ = 10 6 cm), the corresponding time scale is quite small:
Generally speaking, the instability is thought to be efficient if its time scale is less than the age of a related object. For extragalactic jets with typical linear length scales d ∈ (10 − 100)kpc [12] , the kinematic time scale (thus the age of the jet):
varies in the following interval: 
Taking the ratio t kin /t inst , one can see that it lies in the following range 1.25 × (10 7 − 10 8 ), which exceeds unity by many orders of magnitude. This comparison shows that the linear stage is very efficient. Therefore the process of conversion of rotational energy into energy of Langmuir waves has to be short in time, indicating that the non linear consideration is essential.
Summary
(i) We studied the relativistic plasma of extragalactic jets composed of the bulk flow and relativistic electron-positron components. The role of the centrifugal acceleration in generation of the parametric instability of Langmuir waves has been considered. (ii) Perturbing the Euler, continuity and induction equations, preserving only first order terms, we have derived the dispersion relation governing the instability. (iii) Examining the resonance condition of the system, an expression of the growth rate has been obtained for a nearby zone of the light cylinder surface. (iv) Studying dependence of increment on λ, for typical values of extragalactic jets, we found that the instability becomes efficient only for certain and narrow ranges of wave length. It was shown that the instability time scale was less than the kinematic time scale by many orders of magnitude, indicating high efficiency of the instability. (v) We have considered the growth rate versus inclination angle, and it was found that even for highly collimated jets, when the increment is less, the instability is very efficient and it may strongly affect processes in the AGN jets.
An important restriction in the present model is that we studied the problem for quasi-straight magnetic field lines, whereas in real astrophysical situations the field lines are curved and it is interesting to see what changes in the dynamics of the electrostatic wave instability, when the curvature is taken into account.
On the other hand the curvature of magnetic field lines induces the curvature drift waves, which also may affect the process of energy pumping mechanism. In the context of pulsars this problem has been considered in [8] . It is reasonable to examine the same problem for relativistic AGN jets and study the role of the curvature drift modes in energy pumping.
When studying the problem on the linear stage, the increment shows high efficiency of the electrostatic instability, therefore the non linear regime also has to be examined in order to study the problem for longer time scales when the linear approximation does not work any more. For this reason we plan to implement a numerical MHD code to study this particular case as well.
